Venezuelan equine encephalitis virus (VEEV) is highly virulent in adult laboratory
Venezuelan equine encephalitis virus (VEEV) and Sindbis virus (SINV) are members of the Alphavirus genus in the
Togaviridae family of mosquito-borne, positive-sense RNA viruses. Members of this genus are responsible for millions of human infections annually and, occasionally, epidemic outbreaks, such as the current widespread infections with Chikungunya virus (CHIKV) in the Indian Ocean territories. The so-called "Old World" viruses, which include prototypic SINV as well as CHIKV, O'nyong nyong virus, and Semliki Forest virus, generally cause a mild to moderate febrile illness in humans that, depending upon the virus, may lead to persistent arthralgia. However, in the recent CHIKV outbreak, evidence of hemorrhagic fever and encephalitis was observed in severely ill humans (5, 8, 32, 39) . The "New World" viruses, which include VEEV, Eastern equine encephalitis virus (EEEV) and Western equine encephalitis virus, can also cause a febrile illness; however, infection progresses to encephalitis in a high percentage of cases (25) .
For many years, infection of mice and cultured cells has been used to model alphavirus interactions with particular cell types and the effects of virus infection upon host innate immune and antiviral responses (25) . Studies by several groups (1, 17, (19) (20) (21) have suggested that an important component of the alphavirus interaction with murine and other cells is the virus-mediated arrest of host transcription and translation, which greatly limits the capability of the cell to upregulate expression of alpha/beta interferon (IFN-␣/␤) genes in response to virus infection. Furthermore, although not yet demonstrated, it is also possible that this mechanism limits IFN-␣/␤-mediated antiviral effector gene upregulation in infected cells that is mediated through type I IFN receptor signaling. Old and New World viruses appear to achieve these effects through the actions of different proteins, with nonstructural protein 2 (nsP2) of Old World viruses implicated in both transcription and translation shutoff (17, 20, 23) and the capsid structural protein (sP) of New World viruses implicated in transcription shutoff (1, 19, 21) . Mechanisms of translation arrest in New World virus infections have not been investigated. However, although these in vitro studies suggest similarities between the alphaviruses in the capacity for host shutoff, this does not translate directly to virulence in mice, as wild-type strains of encephalitic New World viruses cause fatal disease in adult mice but wild-type Old World viruses generally do not (25) . Yet, when IFN-␣/␤ or IFN-␣/␤ and IFN-␥ signaling is disrupted in mice through deletion of receptor subunits, Old World viruses such as SINV, SFV, and CHIKV cause fatal disease in adult animals (11, 16, 45, 46, 48) . This suggests that relative resistance to the IFN-mediated antiviral response underlies important differences in alphavirus disease-causing potential, but the relationship of host macromolecular-synthesis shutoff to IFN resistance in vivo is not clear. Previous work from our laboratory (44) and by others (38) has demonstrated that VEEV replication is more resistant than SINV to the effects of IFN-␣/␤ priming in simple models in which fibroblast cells are pretreated with IFN-␣/␤, yielding protection from a cytopathic effect. However, the effects of VEEV or SINV infection upon the totality of the IFN-␣/␤-induced antiviral response in cells relevant to virus disease in vivo have not been examined, including IFN-␣/␤ production by infected cells, effects of infection upon IFN-␣/␤ receptor signaling and subsequent antiviral gene upregulation, or the characteristics of resistance/sensitivity of the viruses to the preexisting antiviral state.
In the current studies, we compared the interactions of VEEV and SINV with the inductive and effector phases of the IFN-␣/␤ antiviral response in primary mouse cortical neuron cultures. Consistent with previously reported results using cultured fibroblasts (17, 21 ; C. W. Burke, C. L. Gardner, K. D. Ryman, and W. B. Klimstra, submitted for publication), SINV and VEEV suppressed both the production of IFN-␣/␤ and the upregulation of antiviral effector IFN-stimulated genes (ISGs) in neurons, correlated with shutoff of host transcription and/or translation early after infection. We also observed that VEEV gene expression was more resistant than SINV to the antiviral actions of a preexisting IFN-induced antiviral state and VEEV could replicate efficiently under conditions where SINV replication was greatly reduced. Finally, infection with both viruses partially blocked phosphorylation of STAT1 and STAT2, transcription factors involved in the JAK-STAT signaling pathway activated by IFN-␣/␤ receptor signaling (reviewed in references 6, 51, and 52). Together, these data suggest that while both SINV and VEEV can rapidly suppress innate responses in unprimed murine neurons through shutoff of host cell macromolecular synthesis and can partially block IFN-␣/␤ receptor signaling cascades, the enhanced virulence of VEEV in the infected animal may result from effective suppression of host responses even in the face of exposure of cells to IFN-␣/␤ prior to infection, combined with greater resistance to or avoidance of effectors of the antiviral state.
MATERIALS AND METHODS
Cell culture. BHK cells were maintained in AlphaMEM (Mediatech) supplemented with 10% donor calf serum, 200 mM L-glutamine (Sigma), 10,000 units/ml penicillin G sodium (Sigma), 10 mg/ml streptomycin sulfate (Sigma). Vero cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) and supplements as with BHK cells. All cells were grown at 37°C in a humidified chamber with 5% CO 2 .
For neuron cultures, pregnant (gestation day 13 to 15) CD1 mice were purchased from Charles River Laboratories. Mice were housed in the Animal Resources Center (Louisiana State University Health Sciences Center, Shreveport) under specific-pathogen-free conditions. All procedures were carried out in accordance with federal and institutional guidelines for animal care and use.
Primary mouse cortical neuron cultures were prepared from CD-1 mice at gestation days 13 to 16 as described in references 36 and 49, with modifications. Briefly, brains were removed from the embryos into calcium/magnesium-free Hanks balanced salt solution (Sigma) with glucose and gentamicin (20 g/ml) and subsequently incubated at 37°C for 20 min in enzyme digestion solution (Hanks balanced salt solution containing 1 mg/ml papain, 50 g/ml DNase I, 0.2 mg/ml L-cysteine [Sigma], 1.5 mM CaCl 2 , and 0.5 mM EDTA [Invitrogen]) with agitation every 5 min. After supernatant removal, the papain was neutralized by addition of excess DMEM (Invitrogen) supplemented with 10% FBS. Digested tissue was then centrifuged and medium removed followed by addition of 5 ml neuron culture medium (neural basal medium supplemented with 2% B27, 0.5 mM glutamine, and 20 g/ml gentamicin) (Invitrogen), and tissues were pipetted 20 times to disaggregate cells. Twenty-five ml of neuron culture medium was added and cells were then pelleted (1,000 rpm, 5 min) and resuspended in 10 ml neuron culture medium and enumerated by trypan blue exclusion. Plates for neuron cultures were coated with a 30-g/ml solution of poly-D-lysine (Sigma) for either 2 to 6 h at room temperature or at 4°C overnight followed by phosphate-buffered saline rinse and drying. Coating was completed immediately before neuron culture. Tissue culture plates were seeded at either 2.5 ϫ 10 5 cells per well (24-well plates) or 1.5 ϫ 10 6 cells per well (6-well plates). Neuron culture medium was replaced at 24 h after initial culture and at 2-day intervals thereafter. Cells were used for experiments after 5 to 6 days in culture. The cultures were stained with the anti-NeuN antibody (Chemicon Millipore) and found to be Ͼ95% pure.
Viruses and replicons. Construction of the VEEV ZPC738 cDNA clone (2), the V3000 Trinidad donkey cDNA clone (15) , the V3000 tripartite replicon system (41) , and the SINV TR339 cDNA clone and tripartite replicon system (30) have been described previously. The TR339 replicons were modified to express murine IFN-␣4 or IFN-␤ genes by amplification of the genes from SINV-infected mouse dendritic cell total RNA using specific primers that introduced XbaI and NotI restriction sites on the 5Ј and 3Ј ends, respectively. Appropriately restriction enzyme-digested fragments were then subcloned into the TR339 replicon vector. Propagation-competent parental viruses were produced by electroporation of in vitro-synthesized RNA into BHK cells as described previously (2, 15, 30) . Supernatants were harvested at 24 h postelectroporation, clarified by centrifugation, and stored at Ϫ80°C. Viruses titers were determined by conventional plaque assay on BHK cells. Replicons were produced as described previously (18, 30, 42) by coelectroporation of 20 g of each of the three component RNAs (replicon genome, capsid helper, and glycoprotien helper) followed by harvesting and processing of supernatants as described for parental viruses. Green fluorescent protein (GFP)-expressing replicon stock titers were determined on BHK cells by using fluorescence microscopy.
Neuron infection, interferon treatment, and interferon assay. Neurons were infected with viruses or replicons at the multiplicities indicated in the figure legends. For STAT phosphorylation inhibition and reverse transcription-PCR (RT-PCR) assays, infections of neurons were normalized using GFP-expressing versions of each replicon and fluorescence microscopy analysis such that Ͼ95% of the neurons were infected and similar infectious doses of each virus/replicon were delivered in all cases. Relative neuron infectious dose was calculated for each virus by determining the minimal number of BHK infectious units required to infect 95% of the neurons and then utilizing that dose for all infections. Virus production in growth assays was determined by calculating titers via plaque assay with BHK cells. The significance of differences was determined by using Student's t test for unpaired samples.
IFN-␣/␤ stocks were derived from electroporation of BHK cells with SINV replicon vectors expressing the murine IFN-␤ or IFN-␣4 genes. At 12 to 18 h postelectroporation, supernatants were harvested and clarified initially by centrifugation at 5,000 rpm for 40 min followed by ultracentrifugation for 18 h at 24,000 rpm in an AH-629 rotor. After centrifugation, the pH of stocks was lowered to 2.0 by using hydrochloric acid and stocks were stored at 4°C. After 24 h, the pH was raised to 7.0 using sodium hydroxide and equal volumes of the IFN-␣ and IFN-␤ stocks were mixed. Subsequently, IFN-␣/␤ IU titers were determined by biological assay using L929 cells, encephalomyocarditis virus, and an IFN-␣/␤ standard (Access Biomolecular) as previously described (55) . Specificity of the IFN preparation was assessed by performing RT-PCR for ISG induction after exposure of cells derived from type 1 IFN receptor-deficient IFNAR1 Ϫ/Ϫ mice to high concentrations of the preparations. No induction of ISG mRNA or antiviral activity versus SINV was observed.
Western blotting. Total cell extracts were made from primary neurons and used for Western blot analysis. Cells were lysed in radioimmunoprecipitation assay buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM EDTA, 1 mM EGTA) supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, and 1 g/ml pepstatin), and phosphatase inhibitor cocktail (Sigma). Protein concentrations were determined using a bicinchoninic acid assay (Pierce). Approximately 20 g of protein lysate was resolved per lane of an SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel (ranging from 7% to 12%) and transferred to a nitrocellulose membrane (Bio-Rad). Membranes were blocked for at least 1 h in 5% skim milk in Tris-buffered saline (TBS)-0.1% Tween 20 (TBST) followed by overnight incubation with primary antibodies at 4°C. Antibodies were diluted in TBST with 3% bovine serum albumin (BSA) according to the manufacturer's guidelines. Following four sequential 15-min washes in TBST, membranes were incubated with horseradish peroxidase-conjugated secondary antibody (Zymed) diluted in TBST with 2% skim milk. Bound secondary antibody was detected using the ECL-Plus chemiluminescence system (Amersham).
The membranes were probed with the following antibodies: rabbit polyclonal
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antibodies specific for p-Tyr701 STAT1 (Cell Signaling), STAT1 (M-22; Santa Cruz Biotechnology), p-Tyr689 STAT2 (Upstate Biotechnology/Millipore), STAT2 (H-190; Santa Cruz), murine monoclonal antibodies specific for ␤-actin (Chemicon) and GFP (Invitrogen), and murine hyperimmune ascitic fluid for the capsid of SINV and VEEV (ATCC). All Western blot assays were performed at least three times with similar results. Semiquantitative RT-PCR. For semiquantitative RT-PCR, total cellular RNA was isolated using the TRI reagent (Molecular Research Center, Inc.). Approximately 1.5 g of total RNA per sample was reverse transcribed using random hexamer primers. Equal volumes of each cDNA were then subjected to PCR amplification with murine gene-specific primers (Integrated DNA Technologies) designed against GenBank sequences of each gene (ISG20, ISG15, ISG56, ZAP, viperin, and ␤-actin) as previously described (57) . Either ␤-actin or 18S rRNA PCR was used as a loading control (18S primer sequences: sense, 5Ј-CGCCGCTAGAG GTGAATTTCT-3Ј; antisense, 5Ј-CGAACCTCCGACTTTCGTTCT-3Ј). The volume of the cDNA template included in these reaction mixtures and the number of amplification cycles were optimized to ensure that reactions were stopped during the linear phase of product amplification, permitting semiquantitative comparisons of mRNA abundance between different RNA preparations. To exclude the possibility of contaminating DNA, control reactions were performed in parallel in the absence of reverse transcriptase. RT-PCR products were resolved by agarose gel electrophoresis and visualized on a VersaDoc 4000 imaging system (Bio-Rad). Reproducibility of results was confirmed by performance of RT-PCR analyses at least three times using RNA derived from different neuron preparations. Semiquantitative RT-PCR was used for these studies because other techniques were not available to us in the biosafety level 3 containment laboratory.
Metabolic labeling of neurons. Neuron cultures were either untreated or treated with IFN and then either left uninfected or infected with SINV and VEEV or replicons as described above and in the figure legends. Ten minutes prior to labeling, neuron media were removed and replaced with starvation medium (Met/Cys-free DMEM [Invitrogen] supplemented with 1% FBS and glutamine and penicillin-streptomycin as in the neuron culture medium). Then, 100 Ci/ml of [ 35 S]Met-Cys (Amersham) was added for 2 h and incubation continued at 37°C. Cells were then washed once with phosphate-buffered saline and lysed using radioimmunoprecipitation assay buffer. Equal volumes of radiolabeled lysates were then run on 10% SDS-PAGE gels, and fixed and dried gels were exposed to film for visualization of radiolabeled proteins. Similarity in the original cell number in the lysate volumes loaded was confirmed by Western blotting for ␤-actin, the abundance of which does not vary substantially during virus-mediated host macromolecular synthesis shutoff.
RESULTS
Effects upon virus replication of IFN-␣/␤ pre-or postinfection treatment of neurons. Initially, we wished to determine the effects of IFN-␣/␤ preinfection or postinfection treatment of neurons upon the replication of SINV and VEEV. When neuron cultures were treated with 1,000 IU of IFN-␣/␤ for 24 h prior to high-multiplicity infection, the replication of SINV, as measured by PFU production, was inhibited by ϳ150-fold; however, VEEV replication was inhibited only ϳ10-fold after an initial lag in replication, measured at 6 h postinfection (p.i.) (Fig. 1A ). An initial IFN-␣/␤-mediated lag in replication was not unexpected for VEEV, as we have previously demonstrated that the virus is sensitive to PKR-independent, IFN-␣/ ␤-primed activities that act to inhibit translation initiation of the infecting genome (54) . The effective blockade of SINV replication (and the limited blockade of VEEV) could be detected at the point of sP expression, as capsid protein levels increased between 12 and 24 h p.i. for VEEV but little to no increase was detected for SINV (Fig. 1B) . In contrast, when cells were treated with the same dose of IFN-␣/␤ either simultaneously or 3, 6, or 12 h after infection, a much-diminished antiviral effect against either virus was observed; although in some instances, statistically significant (P Ͻ 0.05) decreases in PFU production versus untreated cells were detected with both viruses (Fig. 1C) . These results indicate that production of SINV sP and progeny virus release are substantially more sensitive to the preestablished antiviral state in neurons than those of VEEV; however, both viruses appear to be largely resistant to the effects of IFN-␣/␤ treatment once infection is established.
The majority of the IFN-␣/␤-upregulated antialphavirus activity in neurons is STAT1 dependent. The results of the previous experiments suggest that both viruses interfere with the establishment of the IFN-␣/␤-mediated antiviral state after infection of neurons is established. One mechanism for interference with establishment of an antiviral state in infected cells is through blockade of the IFN-␣/␤ receptor-stimulated phosphorylation cascade. A number of viruses have been shown to block the IFN-␣/␤ receptor-mediated activation of the JAK or Tyk initiating kinases or their targets, STAT1 and STAT2 transcription factors, which, once activated by phosphorylation, translocate to the nucleus and participate in transcriptional upregulation of ISGs (reviewed in references 6, 51, and 52).
We first established the STAT1 dependence of the antiviral effects in neurons by pretreating with IFN-␣/␤ neurons from normal and STAT1 Ϫ/Ϫ mice and evaluating virion production at 24 h p.i., which was used as a time point representative of the differences in sensitivity of SINV versus VEEV in the original IFN-␣/␤ pretreatment experiment (Fig. 1) . IFN-␣/␤ pretreatment of neurons derived from control 129Sv/Ev mice exhibited similar reductions in titer (Ͻ10-fold for VEEV and Ͼ100-fold for SINV) to cultures derived from CD-1 mice (Fig. 1A and 2A 
and B). Similar treatment of cultures derived from STAT1
Ϫ/Ϫ mice revealed virtually no anti-VEEV effect and a greatly diminished anti-SINV effect ( Fig. 2A and B) , although a significant reduction in titer in the IFN-␣/␤-treated SINV-infected cultures was observed (P Ͻ 0.01). Together, these results indicate that in neurons the majority of the antiviral effect versus alphaviruses is STAT1 dependent, although STAT1-independent IFN-␣/␤-induced activities can partially suppress the replication of SINV.
A putative mechanism underlying these results was established by examining the IFN-␣/␤-induced upregulation of mRNAs for genes we (47, 57) and others (3, 33) previously identified as IFN-␣/␤ upregulated (ISGs) and capable of exerting an antiviral effect against SINV and/or VEEV. We first established the dose response and timing of induction of these ISG mRNAs in normal neurons (Fig. 3A and B) , selecting 1,000 IU/ml treatment for all experiments and 6 h after treatment for measurement of ISG induction, since this regimen achieved the most robust induction of all ISGs. In the absence of STAT1, upregulation of only one of the genes examined, ISG56, was observed following IFN-␣/␤ treatment, and the degree of upregulation appeared to be less than observed in normal counterparts (Fig. 3C) . We previously demonstrated a moderate anti-SINV activity of p56, the protein derived from the ISG56 mRNA, which may account for at least some of the STAT1-independent anti-SINV activity detected in the current studies and others (22) .
Neither SINV nor VEEV infection dismantles the antiviral state in cells exposed to IFN-␣/␤ prior to infection. To perform experiments examining the phosphorylation states of STAT 1 and STAT2 and the transcriptional activity in the neurons cultures, it was important to establish a multiplicity of infection that resulted in infection of most cells. As described in Materials and Methods, we determined and then subsequently used a multiplicity that achieved Ͼ95% infection of the neurons in the first round, based upon examination of neuronal cultures infected with VEEV or SINV GFP-expressing replicons (Fig. 4) .
The increased resistance of VEEV to the preexisting antiviral state in neurons could result from a "dismantling" of the antiviral state as has recently been described for paramyxoviruses (40) . In this model, it was presumed that sustained antiviral responses required continuous STAT-mediated signaling, which was diminished by viral antagonists via degradation or dephosphorylation of the STAT proteins. To investigate this possibility, we examined the activation cascade that leads to STAT1-dependent gene upregulation after IFN-␣/␤ signaling by assessing the abundance and phosphorylation states of STAT1 (phospho-Tyr701) and STAT2 (phospho-Tyr689) transcription factors that are likely important in the antialphavirus response in neurons (Fig. 2) (7) . Neurons were mock treated or IFN-␣/␤ pretreated for 24 h, followed by infection with VEEV or SINV and examination of protein phosphorylation at 6, 12, or 24 h p.i. to determine the effects of infection upon a preexisting antiviral state.
Infection of untreated cells with either of the viruses resulted in limited STAT1 phosphorylation at most times examined (Fig. 5, untreated) , suggesting that IFN-␣/␤ production was not robust in response to virus infection and/or that STAT1 phosphorylation was blocked by both viruses. No secreted IFN-␣/␤ could be detected in SINV-or VEEV-infected culture supernatants by biological assay at 6, 12, 18, or 24 h p.i. (limit of detection was 3.9 IU/ml for VEEV and 7.8 IU/ml for In uninfected neurons pretreated with IFN-␣/␤, an increase in STAT1 abundance and phosphorylation over untreated controls was observed at all times, as expected. Infection of pretreated cells with either virus had no reductive effect upon the abundance of STAT1 or its phosphorylation state at any time postinfection (Fig. 5, IFN -␣/␤ pretreated). In fact, infection with both viruses increased the phosphorylation of STAT1 over pretreated, mock-infected cells. A similar pattern was observed with STAT2 (Fig. 5) . These results indicate that SINV and VEEV do not decrease the amount of STAT1 in infected neurons and that the viruses actually increase the extent of phosphorylation of these proteins versus uninfected cells if the cell is exposed to IFN-␣/␤ prior to infection. Therefore, it is unlikely that the enhanced resistance of VEEV to the antiviral state in IFN-pretreated cells arises from "dismantling" of the STAT-dependent antiviral state.
VEEV and SINV block new STAT1 and STAT2 phosphorylation in infected neurons. In our initial experiments, VEEV and SINV were largely resistant to the antiviral effects of IFN-␣/␤ when it was added after infection had been established (Fig. 1C) , perhaps implying an effect upon STAT signaling after viral proteins are produced. To examine this possibility, we infected untreated cultures followed by comparison of STAT abundance and phosphorylation after IFN-␣/␤ treatment for 30 min at either 12 or 22 h p.i. This approach permitted assessment of the effects of virus replication intermediates upon the initiation of the antiviral state.
When cells were treated with IFN-␣/␤ for 30 min at various times after infection with either virus, no effects upon the abundance of STAT1 or STAT2 were detected; although STAT1 is induced by IFN-␣/␤ in the neuronal cultures, it is unlikely that 30 min is sufficient time for protein expression. However, compared to mock-infected, IFN-␣/␤-treated controls, phosphorylation of both transcription factors was slightly reduced in cells treated at 12 h p.i. and substantially reduced at Original magnification in all panels, ϫ200. 22 h p.i. (Fig. 6A) . We also examined the timing of inhibition after infection and determined that blockade of STAT1 phosphorylation was first detectable between 6 and 12 h p.i. with both viruses (Fig. 6B) . Together with the results of the previous section, we conclude that both viruses appear to suppress IFN-␣/␤ secretion from neurons in response to infection and also to largely block STAT pathway activation if virus replication is initiated before cells are exposed to IFN-␣/␤, but not in cells that are primed before infection. We attempted to use immunocytochemistry to determine if nuclear translocation of STAT1 and STAT2 was also blocked by virus infection, but the proteins could not be reliably detected by this technique in the primary neuron cultures.
Patterns of ISG upregulation after VEEV or SINV infection. We next determined whether or not the blockade of STAT1/2 phosphorylation events after virus infection translated into a reduction in the synthesis of IFN-␣/␤-inducible, antiviral gene mRNAs by performing semiquantitative RT-PCR analyses. Regulation of the IFN-␤ mRNA was also measured to evaluate the effects of infection upon the gene expression during the inductive phase of the IFN-␣/␤ response. Experiments were set up as above with neurons either untreated or IFN-␣/␤ treated before virus or mock infection, or cells were mock or virus infected and then left untreated or treated with IFN-␣/␤.
In cells that were not treated with IFN-␣/␤, SINV infection resulted in very little upregulation of the IFN-␤ or ISG mRNAs versus mock-infected cells at any time measured (Fig.  7 and 8, untreated) . In contrast, VEEV infection modestly upregulated the IFN-␤ mRNA and multiple ISGs. However, as mentioned above, release of IFN-␣/␤ was not detected by a biological assay after infection with either virus. In separate studies, we have found that infection with SINV or VEEV does not block the cell signaling pathways that lead to IFN-␣/␤ induction in murine fibroblasts prior to the point of transcriptional upregulation (Burke et al., submitted). Considered together, these findings imply that SINV infection inhibits tran- 
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on September 28, 2016 by guest http://jvi.asm.org/ scription more efficiently than VEEV but that production of the proteins may be impaired after transcription in VEEVinfected and possibly also SINV-infected neurons. When neurons were pretreated with IFN-␣/␤ for 24 h prior to infection, multiple ISG mRNAs, but not the IFN-␤ mRNA, were upregulated at early times in mock-infected cells (Fig. 7 , compare mock lanes for untreated and IFN-␣/␤ pretreated). SINV infection of pretreated neurons upregulated the IFN-␤ mRNA and further upregulated multiple ISG mRNAs, although the patterns of upregulated ISGs were not identical at all times examined. In contrast, ISG transcription after VEEV infection of pretreated neurons was generally equivalent to or lower than in pretreated, mock-infected cells, with the exception of the IFN-␤ mRNA, which was induced to a similar extent as with SINV infection. From these results we infer that, when neurons are exposed to IFN-␣/␤ prior to SINV infection, transcriptional responses are generally enhanced, while virus infection is strongly inhibited. However, cellular responses to VEEV infection of primed cells are limited to the initial response to IFN-␣/␤ exposure (i.e., not different from pretreated, mock-infected responses) and have a minimal effect on VEEV replication. Thus, as described above, the expression of viral factors that arrest host macromolecular synthesis may reflect the relative sensitivity to inhibition of replication promoted by the established antiviral state.
In IFN-␣/␤ posttreatment experiments, infection with both viruses either abrogated or diminished upregulation of antiviral gene mRNA synthesis in response to IFN-␣/␤ treatment at both early (6 h p.i.) and late (18 h p.i.) times after infection (Fig. 8) . Combined with the data from the previous sections, these results demonstrate that established infection with SINV or VEEV in neurons limits the cellular response to IFN-␣/␤ treatment regardless of whether or not phosphorylation of the STAT pathway components is markedly inhibited.
Structural protein expression is not required for inhibition of STAT1/2 phosphorylation but is differentially required for inhibition of ISG upregulation. To determine if the sPs and/or nsPs were responsible for STAT1/2 pathway inhibition or the blocking of IFN-␣/␤-mediated ISG upregulation by the viruses, we infected neurons with SINV-based or VEEV-based replicon particles that expressed the GFP reporter protein instead of the viral structural proteins. parental VEEV and SINV virus infection upon phosphorylation of STAT1/2 pathway components, indicating that expression of the nsP and replication of the truncated genome were sufficient and that sP expression was not required (Fig. 9A) . As with the parental viruses, replicon infection also resulted in sporadic, minor phosphorylation of STAT1/2 in untreated cells; although, as with the parental viruses, IFN-␣/␤ production in supernatants was not detectable with a biological assay (limit of detection, 3.9 IU/ml). It is likely, however, that this phosphorylation is dependent upon the production of low-level IFN-␣/␤, as we observed that infection of murine embryo fibroblasts from normal mice resulted in the same sporadic STAT1/2 phosphorylation in the absence of detectable IFN-␣/␤ production while STAT1/2 phosphorylation was not observed when cells from mice lacking a functional IFN-␣/␤ receptor were used (data not shown).
Consistent with data collected using the parental viruses, RT-PCR analyses indicated that VEEV replicon infection modestly increased the abundance of mRNAs for multiple ISGs and strongly upregulated the IFN-␤ mRNA in untreated cells (Fig. 9B) . However, in contrast with the parental virus IFN-␣/␤ posttreatment results, established VEEV replicon infection had little inhibitory effect on, or actually increased, the abundance of ISG mRNAs following IFN-␣/␤ posttreatment versus uninfected, IFN-␣/␤-treated cells. The differential effects of VEEV virus and replicon infection most likely reflect that the VEEV capsid protein, previously implicated in shutoff of host gene transcription (21), was not expressed in repliconinfected neurons. Interestingly, the ISG induction results did not correlate with blockade of STAT phosphorylation by the VEEV replicon, which we expected would limit ISG induction after postinfection IFN-␣/␤ treatment. On the other hand, SINV replicon infection did not result in ISG induction in untreated cells and, in most cases, reduced ISG induction versus uninfected cells after IFN-␣/␤ posttreatment, consistent with the parental virus infection and the established role of SINV nsP2 in transcription arrest (20) . Together these data indicate that SINV replicons more potently block ISG mRNA upregulation than VEEV replicons in infected neurons independently of effects upon STAT1 phosphorylation. Moreover, the partial inhibition of STAT1 phosphorylation associated with expression of VEEV nsP and replicon genome replication does not correlate well with inhibition of ISG upregulation in primary neurons.
We considered that the effects of STAT phosphorylation blockade upon gene transcription might be more readily discernible in an in vitro system in which cells were not exposed to any IFN-␣/␤ prior to the time at which viral antagonists were fully expressed (e.g., in cells able to respond to exogenously added IFN-␣/␤ but not able to produce any IFN-␣/␤ after virus infection). A murine cell system that responded to but was genetically incapable of IFN-␣/␤ production was not available, so we examined these events after VEEV or SINV replicon infection of primate Vero cells, which exhibit these qualities (37) . Like neurons, infection with SINV or VEEV replicons partially blocked STAT1 phosphorylation at 12 or 22 h p.i. in Vero cells (Fig. 10A) ; however, unlike neurons, IFN-␣/␤-induced transcription of all ISGs was diminished by established VEEV replicon infection versus uninfected cells (Fig. 10B) . This result is consistent with the idea that signaling by low levels of IFN-␣/␤ induced by VEEV replicon infection potentiated ISG induction in the neurons, although differences between murine and primate cells may also be involved.
Host cell macromolecular synthesis shutoff is involved in the effects of VEEV and SINV upon ISG induction. The findings presented so far suggest that virus shutoff of host macromolecular synthesis may be an important, possibly dominant, factor in the abrogation of neuronal responses to virus infection, as well as the response to IFN-␣/␤ added after infection is established. Previous studies have indicated that nsP2 of (1, (19) (20) (21) 23) . The specific viral mediators of translational shutoff are undefined, but may also be encoded in the nsP2 of SINV (17) . To determine the effects of host macromolecular shutoff promoted by VEEV versus SINV viruses and the relationship of this phenomenon to ISG upregulation, we radiolabeled newly produced proteins after infection of the neurons with each type of virus and replicons derived from them. With viruses, cells were either untreated or treated with IFN-␣/␤ prior to infection and host translation rates were measured by 2 h of radiolabeling at 12 or 18 h p.i. With replicons, we examined the capacity for translation inhibition in untreated cells at 12 or 18 h p.i. Only preinfection IFN-␣/␤ treatment was examined, as it would not be expected that IFN-␣/␤ treatment after infection would alter overall translation in a manner that would be observable in a total protein synthesis analysis. As expected, both SINV and VEEV parental viruses efficiently blocked the accumulation of new host proteins after infection of untreated neurons, with essentially complete shutoff observed by 12 h p.i. (Fig. 11A and B) . VEEV also efficiently blocked host protein synthesis after infection of IFN-␣/␤-pretreated neurons, with a slight delay at 12 h p.i. (Fig.  11A) . However, translation inhibition by SINV was greatly diminished in IFN-␣/␤-pretreated neurons (Fig. 11B) , consistent with the greater inhibition of SINV replication and, presumably, reduced expression of viral shutoff mediators after IFN-␣/␤ pretreatment (Fig. 1 ). With replicons (from which the SINV nsP2 transcriptional inhibitor would be expressed but the VEEV capsid transcription inhibitor would be absent), blockade of accumulation of radiolabeled proteins was observed with both SINV and VEEV in untreated neurons (Fig.  11C) .
Overall, when combined with the ISG induction results, these data suggest that VEEV nsP expression arrests translation in virus-or replicon-infected neurons, regardless of whether the cells have been preexposed to IFN-␣/␤, but sP (presumably capsid) expression is required for transcriptional arrest. In contrast, both SINV and replicon infections potently arrest transcription and translation in untreated cells but do not do so in IFN-␣/␤-pretreated cells. Furthermore, although infection with both viruses can inhibit phosphorylation of STAT1 and STAT2, this does not appear to preclude ISG induction if neurons are exposed to IFN-␣/␤ prior to infection or if neurons are infected with the VEEV capsid-deleted replicon.
DISCUSSION

Effects of infection upon induction of IFN-␣/␤.
The results of our studies, and those of other groups, suggest that multiple alphaviruses reduce host cell responses to infection through arrest of macromolecular synthesis (1, 17, 21) (Burke et al., submitted). Accordingly, in the current studies, we were unable to detect released IFN-␣/␤ protein after infection of unprimed primary neurons with SINV or VEEV or replicons. Interestingly, little or no upregulation of IFN-␤ mRNA was observed in untreated cells infected with SINV or SINV-based replicons, while this mRNA was upregulated after infection with either VEEV or replicons. However, IFN-␣/␤ treatment prior to infection resulted in upregulation of the IFN-␤ mRNA by SINV to levels similar to those observed after VEEV infection. These data suggest that transcriptional shutoff after SINV infection of unprimed cells is more complete than that after VEEV infection but that IFN-␣/␤ pretreatment limits the ability of SINV to block host transcription. Ultimately, the inhibitory effect upon host translation after infection may account for some of the blockade of IFN-␣/␤ protein production with SINV and the majority of the blockade with VEEV. It should be noted that both viruses induce IFN-␣/␤ after subcutaneous infection of mice (9, 24, 44) , implying that other cell types are either more resistant to arrest of host macromolecular synthesis or that IFN-␣/␤ responses arise primarily from uninfected cells in vivo (31) . Therefore, it is likely that the capacity of host cells to produce IFN-␣/␤ in response to alphavirus infection is cell type dependent and may be affected by exposure to circulating antiviral cytokines in the infected host.
Effects of infection upon the antiviral state. Our data indicate that VEEV is significantly more resistant than SINV to the replication-inhibiting activities of the IFN-␣/␤-induced antiviral state and, furthermore, that both viruses substantially block phosphorylation of STAT1/2 when cells are exposed to IFN-␣/␤ after infection. Other viruses antagonize the response of cells to supernatant IFN-␣/␤ by blocking the JAK/STAT pathway by downregulation of the IFN-␣/␤ receptor, enhancement of degradation rates for pathway components, blockade of their phosphorylation or trafficking, or by induction of activities that result in dephosphorylation (reviewed in references 10 and 43). VEEV and SINV do not appear to enhance JAK/STAT pathway component degradation or dephosphorylation when cells are pretreated with IFN, suggesting that they do not "dismantle" a preexisting antiviral state. The mechanism by which alphaviruses block STAT1/2 phosphorylation could involve direct interaction of viral nsP with IFN-␣/␤ receptor subunits, upstream activators JAK or Tyk, the STAT1/2 kinases themselves, or conceivably, virus-mediated reduction in the abundance of mediators upstream of the STAT1/2 proteins (e.g., cell surface expression of the IFN-␣/␤ receptor).
In cultured neurons, both SINV and VEEV appear to limit ISG expression (as with IFN-␤ expression described above) in naïve cells and in cells treated with IFN-␣/␤ after infection through shutoff of host macromolecular synthesis. Surprisingly, virus-mediated blockade of STAT1/2 phosphorylation in neurons made only a minor contribution to inhibition of ISG induction in the face of the potent virus-mediated arrest of macromolecular synthesis, even in the absence of VEEV capsid-mediated transcriptional shutoff.
The disconnection between STAT1/2 phosphorylation blockage and inhibition of ISG induction is at least partially ex- [12, 28, 29, 34, 56] ), or (iii) increased abundance of IFN-␣/␤ receptor signaling pathway-related molecules, such as the STAT proteins themselves (14) . Higher levels of IFN-␣/␤ induction or IFN-␣/␤ receptor signaling pathway components may increase the activity of signaling cascades to the point where inhibition of STAT phosphorylation is overcome. Accordingly, when we removed the possibility of low-level IFN-␣/␤ production in response to VEEV replicon infection by using Vero cells that were are genetically deficient in production of IFN proteins, inhibition of STAT1/2 phosphorylation was correlated with inhibition of ISG upregulation in response to added IFN-␣/␤.
While our results are inconclusive with respect to the importance of JAK/STAT pathway blockade in cells capable of producing IFN-␣/␤ in response to infection, it is possible that this delays clearance of virus infection in neurons provided that sP-mediated macromolecular shutoff is not highly efficient and the ISG transcription-stimulating effect of IFN-␣/␤ exposure is less prominent. This could reflect a virus-mediated antagonistic effect upon IFN-mediated clearance from neurons such as . Viral proteins responsible for macromolecular shutoff. Consistent with previous studies utilizing fibroblast cultures (17, 21) , we found that the overall arrest in host transcription resulting in suppression of neuron IFN-␤ and ISG mRNA production was associated with VEEV sP and SINV nsP. While transcription and translation shutoff were not conclusively distinguished in our studies with SINV due to the potential role of nsP in both processes, we unexpectedly found that the VEEV nsP in the context of a replicating genome and in the absence of capsid expression potently arrested translation, but not transcription, in infected neurons. This occurred even when the cells were treated with IFN-␣/␤ prior to infection. This result is in contrast with a limited transcription or translation shutoff after VEEV replicon genome electroporation into BHK 21 fibroblasts reported by Garmashova et al. (21) . This may reflect different effects of infection versus electroporation, a strain difference between the parental viruses from which the replicons were derived, or cell-type-specific differences. We found that VEEV replicon infection resulted in only partial shutoff of translation in Vero monkey kidney fibroblast cells (data not shown), and we interpret these results to indicate that the capacity of VEEV nsP to shut off translation is cell type dependent. The fact that the translation shutoff activity of VEEV is resistant to IFN-␣/␤ pretreatment of cells may underlie some of the pathology associated with replication of the virus (9, 13, 26, 27, 53) or replicons (50) in the brain.
Effects of alphavirus infection upon neurons in the infected host. In nature, alphaviruses are delivered to the host by mosquitoes and interact initially with myeloid cells (18, 35, 45) . Subcutaneous infection of mice with VEEV or SINV results in production of IFN-␣/␤ that is secreted into the serum (9, 24, 44, 55) . Notably, VEEV infection results in the highest serum IFN-␣/␤ induction of any alphavirus we have tested, including VEEV, SINV, EEEV, and CHIKV (18, 44) (data not shown). Presumably, serum IFN-␣/␤ crosses the blood-brain barrier and activates the JAK/STAT pathway in cells of the central nervous system. Therefore, by the time of virus neuroinvasion, an antiviral state would already be established. While both SINV and VEEV inhibit JAK/STAT signaling in neurons, we propose that the greater neurovirulence of VEEV in vivo is explained, at least in part, by resistance of VEEV replication to the preestablished antiviral state. This resistance may also allow VEEV to arrest macromolecular synthesis in cells exposed to IFN-␣/␤ prior to infection, whereas SINV replication and macromolecular synthesis arrest are largely abrogated.
Mechanisms through which VEEV resists the antiviral state are not clear. In separate experiments we have found that the double-stranded RNA-dependent protein kinase (PKR), an ISG with some antialphavirus activity (48) , is much less strongly activated by phosphorylation after VEEV infection compared to SINV infection (data not shown). Whether or not VEEV also avoids or blocks the activity of other antialphavirus proteins, such as p56, ZAP, viperin, ISG20, or ISG15 (3, 33, 57) , remains to be determined.
